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Surface properties of LiCoO2, LiNiO2 and LiNi1−xCoxO2
Anthony W. Moses, Harry G. Garcia Flores, Jong-Gyu Kim, and Marjorie A. Langell
Department of Chemistry, University of Nebraska–Lincoln, Lincoln, Nebraska 68588-0304

Abstract: The surface composition and chemical environment of LiCoO2, hexagonal LiNiO2, cubic LiNiO2, and the mixed transition metal oxide LiNi0.5Co0.5O2 have been determined by Auger electron and X-ray photoelectron spectroscopies. While the
LiCoO2 surface properties can easily be extrapolated from bulk composition, the nickel-containing materials are less straightforward. Their surface concentration tends to be depleted in lithium relative to that of the bulk and shows an atypical chemical environment for the constituent elements. The Ni 2p XPS photoemission suggests a near “ NiO-like” selvedge through the XPS binding energies and satellite structure which are essentially identical to that of NiO; the spectrum appears fairly insensitive to lithium concentration. Although there is little evidence for higher binding energy Ni3+ species or for an electron poor Ni2.δ+-derived
band structure in the XPS, the lattice oxygen is very electron-rich and yields among the lowest binding energies reported for a
transition metal oxide. The nickel-containing lithium oxide selvedge is thus not simply “NiO” and the surface lithium cations
have a measurable effect on the electronic structure even in their more highly depleted levels. This is explained in the context of
the charge-transfer model of the oxide band structure.
Keywords: Lithium cobalt oxide; Lithium nickel oxide; XPS

1. Introduction
Rechargeable lithium batteries are widely used in portable electronic devices, such as cell phones and computer notebooks, and their usage promises to increase even further as
new applications for them develop [1], [2], [3] and [4]. Both
the lightest of all metals and the one with the highest standard
reduction potential [5], lithium promises high energy density
when used as the anode material in rechargeable battery architecture. Lithium batteries can typically be made small-sized,
are low-maintenance and can be made to function without
memory effects or the requirement for scheduled cycling to
prolong battery life.
Because of safety considerations, commercial lithium ion
batteries employ solid state lithium oxide compounds as the
source of lithium ion. Lithium cobalt oxide is one of the earliest, and in many ways most successful, anode materials used
for this purpose. Batteries employing LiCoO2 anodes are still
among the highest energy density lithium batteries available
(~140 Wh/kg [6]), show powder densities as high as 5500 W/

kg [7], can be used over a reasonably large temperature range
of ~ −10 to 100 °C [8] and [9] and have the longest life expectancy of presently available materials. LiCoO2 does, however,
suffer from relatively high cost [10] and environmental processing and disposal problems [11]. For this reason, the related materials LiNiO2 and LiNi1−xCoxO2 have been studied as
potential substitutes for the lithium ion anode [12], [13], [14],
[15], [16], [17] and [18].
LiCoO2 and “hexagonal” LiNiO2 can be idealized as cubic (rocksalt) structures in which planes of the much smaller lithium ions alternate with cobalt or nickel ions along the
〈 1 1 1〉 direction (Fig. 1) lowering the symmetry to the rhombohedral R3̄m [19], [20] and [21]. Even in its most fully lithium-charged state, the lithium nickel oxide is difficult to obtain
stoichiometrically and its composition is more accurately represented as Li1−zNi1+zO2 where lithium vacancies are compensated by excess nickel located within the lithium layer [20]
and [21]. Lithium ion conduction occurs along the lithium-occupied (1 1 1) planes, and good cycling characteristics of the
battery depend upon repeated lithium depopulation and repop-
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tain an extremely electron-rich lattice oxygen species even for
substrates that retain 50% or more of the stoichiometric lithium
concentration in the near-surface region.
2. Experimental

Fig. 1. LiMO2 structure for (a) the idealized unit cell close packed
in oxygen (white) with alternating lithium (grey) and transition metal (black) planes, and (b) a view along the (1 1 1) planes emphasizing the cation layers.

ulation of the sites with minimum cumulative damage to the structure. Cubic LiNiO2 (Fm3̄m) can also be synthesized, although the
bulk tends to be vacancy-laden. A phase transition from hexagonal to the cubic form of LiNiO2 has been reported at about 720 °C
in air, a process which is slowed and shifts to higher temperatures
under flowing O2 or other oxidizing conditions.
While LiNiO2 has a higher specific capacity than LiCoO2,
nickel occupation of lithium lattice sites interferes with lithium ion mobility [22]. LiNiO2 is also thermally and electrochemically less stable than LiCoO2, showing loss of oxygen,
irreversible delithiation, a variety of phase transition problems and cycling-induced microcrack formation upon charging to voltages higher than 4.2 V [16]. The mixed-metal
LiNi1−xCoxO2 has been proposed as a compromise to improve
upon this situation by substituting some but not all of the cobalt with nickel. Bulk LiNi1−xCoxO2 shows random nickel/cobalt site occupancy based on the relative stoichiometry of the
transition metals in the bulk compound [13] and [15].
From a more fundamental viewpoint, the materials raise interesting questions about the nature of the transition metal cation in the solid state. Formal oxidation states for LiCoO2 are
straightforward. Assigning formal charges of Li+ and O2− yields
a nominal oxidation state of Co3+ in which the 3d6 cation adopts
a very stable, low-spin diamagnetic state with a full t2g subshell.
Following the same reasoning for LiNiO2, however, requires
the formation of Ni3+, an uncommon state for solid state nickel oxides and one that is often stabilized by the formation of
defects or hydroxides that produce mixed Ni2+/Ni3+ oxidation
states. Indeed, two general descriptions have emerged in the literature in relation to the chemical nature of nickel in LiNiO2,
one analogous to that found for LiCoO2 in which the oxidation
state for the nickel is Ni3+[23], [24], [25], [26], [27] and [28]
and a second one that relies on localized Ni2+-O− pairs in which
charge is transferred from a neighboring lattice oxygen onto the
nickel to preserve, or at least more closely approximate, the favored 2+ state [29], [30], [31], [32], [33] and [34]. We present
here a study of surface composition of LiCoO2, LiNiO2 and
LiNi0.5Co0.5O2 which suggests that, at least in the near-surface
region, the nickel-containing lithium metal oxide is stabilized
by dilithiation to produce a nickel cation with an average electron density closer to that of the more favored Ni2+ state. However, these materials are not simply equivalent to “NiO” and re-

Lithium cobalt(III) oxide (99%) was obtained from Aldrich
and used without further bulk purification. Its integrity was
verified by powder X-ray diffraction (XRD), performed with a
Rigaku D-Max/B Horizontal Q/2Q X-ray diffractometer using
Cu Kα radiation. The powder was ground with a mortar and
pestle to present a fresh surface prior to introduction to the ultrahigh vacuum (UHV) chamber for surface analysis.
Hexagonal (R3̄m) and cubic (Fm3̄m) LiNiO2 powdered
samples were synthesized by sol–gel methods [35], [36] and
[37]. LiOH (Aldrich, 98%) and NH4OH (Fisher, 29%) were
co-dissolved in distilled water and to this an aqueous solution
of nickel nitrate (Ni(NO3)2·6H2O, Aldrich, 98%) was added,
turning the colorless solution light blue. Excess water and ammonia were removed at room temperature by use of a rotoevaporator. The resulting gel was transferred to a ceramic boat
with the aid of liquid nitrogen and heated at 90 °C to dry the
sample completely. The resulting black powder was heated
under a stream of gently flowing oxygen for 24 h at 600 °C
to produce hexagonal LiNiO2 (hexagonal I) and, additionally,
under air for 5 h at 780 °C to produce the cubic sample. Ethanol-based sol–gel synthesis was also used to produce hexagonal LiNiO2 (hexagonal II) in which the nickel from the nickel
nitrate was chelated with citric acid (Research Chemicals, Ltd.
99+%). The sol–gel was roto-evaporated to dryness, precalcinated at 450 °C under air for 12 h and heated under gently
flowing O2 at 750 °C for 24 h [38]. X-ray diffraction (XRD)
confirmed the integrity of the samples and differences in surface composition for the two sol–gel preparations of the hexagonal LiNiO2 are discussed below.
LiNi0.5Co0.5O2 samples were also synthesized by
sol–gel methods [39] and [40]. Li(CH3CO2)2·4H2O,
Ni(CH3CO2)2·4H2O and Co(CH3CO2)2·4H2O (Aldrich, 98%)
in appropriate stoichiometry were co-dissolved in distilled water. Citric acid was then added to the metal acetate solution,
and excess water was evaporated at 90 °C on a hot plate, resulting in a dark purple gel. The gel was transferred to a ceramic boat and heated at 700 °C for periods between 6 and 36 h in
air. Samples that produced the best quality XRD formed after
approximately 24 h heating under these conditions and are the
LiNi0.5Co0.5O2 samples presented here for surface analysis.
Surface analysis was performed in a 40 L stainless steel
bell jar with a typical base pressure of 4 × 10−8 Pa. The bell
jar was equipped with a rapid transfer load-lock obviating the
need to bake out the chamber following sample transfer. The
powder samples were freshly ground prior to surface analysis and mounted by pressing into either indium foil or gold
mesh. When mounted on gold mesh, the sample mount permitted controllable heating to temperatures of up to approximately 800 °C under UHV and provided a reference in X-ray
photoelectron spectroscopy (XPS) through the Au 4f7/2 transi-
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tion at 84.0 eV. However, the gold foil interfered with lithium
analysis in both Auger electron spectroscopy (AES) and XPS
due to overlap between lithium and gold transitions. Indium
provided better adhesion, allowing thicker lithium oxide samples, and thus minimal interference from indium in the spectra, but could not be used above room temperature. Provisions
were available for argon ion bombardment with either sample mount.
AES and XPS were obtained with a Physical Electronics
15-255 G double pass cylindrical mirror analyzer. AES was
taken at 2 and 3 KeV primary beam energies as differential
spectra in a lock-in mode with 2 eV modulation energy and a
scan rate of 1 eV/s. XP spectra were obtained with Mg Kα radiation (1253.6 eV) in constant pass energy mode in 0.1 eV
step increments and 50 ms dwell time per step. Unless otherwise noted in the figure caption, pass energies of 50 eV were
employed. Binding energies were calibrated relative to adventitious carbon at 284.6 eV and/or to the main Au 4f7/2 peak,
taken as 84.0 eV, depending upon the sample mount and surface cleanliness. For samples with both gold and adventitious
carbon signals, the calibrated binding energies obtained with
the two different references were equal to within the precision
of the technique, approximately 0.2 eV.
3. Results
Powder X-ray diffraction (XRD) data are shown in Fig. 2
for representative samples of the lithium metal oxide samples,
with Miller indices of the more intense features labeled above
the LiCoO2 trace. The XRD data are characteristic of the materials, although the LiNi0.5Co0.5O2 trace appears broader than that of the other samples even after extensive efforts
were made to optimize synthesis conditions for this mixed
transition metal oxide. Similar quality XRD are found for
LiNi0.5Co0.5O2 powders elsewhere in the literature [13], [40]
and [41], indicating that it is difficult to form a truly homogenous solid solution in which nickel and cobalt are randomly
distributed within the (1 1 1) transition metal planes. Not surprisingly, unit cell dimensions increase with increasing nickel

Fig. 2. X-ray diffraction data for a representative sample of LiCoO2,
LiNi0.5Co0.5O2, hexagonal LiNiO2 and cubic LiNiO2. Miller indices for
the hexagonal (R3¯m) samples are indicated above the LiCoO2 trace.

content for the hexagonal samples, which is evident through a
decrease in 2θ for diffraction from a particular lattice plane.
Additionally, the nickel-containing samples show considerable variability in relative intensity of their XRD diffraction features, particularly those related to (00N)/(10N) lattice planes, indicating that nickel content and synthesis conditions affect the order of the crystal structure. For hexagonal LiNiO2, the intensity
ratio of the two most prominent features in these series, I(0 0 3)/
I(1 0 4), has previously been demonstrated to correlate with lithium and transition metal ordering in forming the alternating Li/
transition metal (1 1 1) planes and I(0 0 3)/I(1 0 4) ratios of 1.5
or above have generally taken to be a sign of good bulk lithium
order [38]. Two samples of the hexagonal lithium nickel oxide,
LiNiO2 I and LiNiO2 II, synthesized by the slightly different sol–
gel methods described in the Section 2, are reported here with
I(0 0 3)/I(1 0 4) = 0.40 and 1.6, respectively. In comparison, the
LiCoO2 (0 0 3)/(1 0 4) intensity ratio for the data in Fig. 2 is 1.8.
Cubic LiNiO2 Fm3̄m is found as a high-temperature form
of the hexagonal sample with a phase transition at 720 °C in
air that is only partially reversible [42]. Its formation can be
suppressed [43] when the hexagonal form is desired by increasing the oxygen flow rate during the high-temperature
stage of its synthesis. Cubic LiNiO2 has been reported to have
a relatively high concentration of oxygen vacancy defects
when compared to the hexagonal form [38] and [44]. However, it is also associated with lithium deintercalation, substitution of nickel for lithium within the (1 1 1) lithium planes,
and generally poor electrode characteristics. The XRD of Fig.
2 shows the cubic LiNiO2 synthesized by the present methods
to be well-ordered in the bulk material, with narrow diffraction features and absence of other crystalline phases, but with
a very small I(0 0 3)/I(1 0 4) ratio, as expected for the hightemperature cubic phase known to show significant variability
in its lithium nickel site substitution.
The surface of the as-introduced samples is surprisingly clean, given the minimal surface cleaning and pretreatment used in the present set of studies, as can be seen from
the representative Auger spectra (AES) of Fig. 3 for hexagonal LiNiO2 (sample I) and the LiCoO2. The very small indium signal found in the AES comes from the foil mounting and
is not a contaminant of the lithium metal oxides, themselves.
No indium was found on samples from the same synthesis lot
mounted on gold foil instead of indium. The cleanliness indicated by the Auger spectra is somewhat deceptive, in that the
Auger excitation beam causes severe electron stimulated desorption (ESD) of surface carbonates. When Li2CO3 powders
were placed in the UHV chamber in attempts to acquire reference spectra, ESD was so severe that large pressure bursts
were observed immediately upon exposure to the electron
beam and no usable spectra could be obtained. X-ray photoemission (XPS) from C 1s and O 1s spectral regions showed
carbonate to be detectable by XPS for some, although not all,
of the samples studied, as will be described in detail below.
Fig. 4 compares the Co 2p XP spectral region for LiCoO2
and LiNi0.5Co0.5O2, along that of two related oxides, CoO
and Co3O4. The latter two spectra serve for calibration pur-
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Fig. 3. Auger spectra taken at 2 KeV for representative hexagonal
LiNiO2 (sample I) and LiCoO2 samples. These data show impurities
to be at the submonolayer level. The samples are mounted on indium
foil, which gives rise to a very small indium peak in each spectrum.

poses and have been obtained on well-defined single crystal
substrates [45], [46] and [47]. The Co 2p spectra of the lithium-containing oxides are characteristic of Co3+ in an octahedral or near-octahedral environment, as is also observed for
the spinel Co3O4 structure. In particular, the sharp peak shape
of the main 2p3/2 and 2p1/2 photoemission is characteristic of
a low-spin d6 cation with full, totally spin-paired t2g and empty eg levels. Because of the enhanced stability of this diamagnetic ion, any shake-up mechanisms that place electron density onto the Co3+ cation is suppressed and the satellite structure (marked with “S” in Fig. 4) is very weak. The observed
chemical environment of the cobalt cation is reasonable from
a charge-balance perspective, in which oxygen is formally
O2− balanced by equivalent amounts of Li+ and Co3+ in the
LiCoO2 lattice.
In contrast, the high-spin Co2+ of the CoO lattice allows
for significant charge-transfer character between the cobalt
3d7 band structure with that of the neighboring lattice oxygen.
This valence band character leads to different final state pathways in core-level cobalt photoemission, and is typically represented [48] and [49]:
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Fig. 4. Cobalt 2p XPS data for LiNi0.5Co0.5O2 and LiCoO2, and for
the reference spectra from CoO and Co3O4. Note that only CoO contains octahedral Co2+ and, thus, exhibits the characteristically intense
satellite structure. The remaining samples have Co3+ occupying octahedral sites. While Co3O4 also contains Co2+, the divalent cation occupies tetrahedral sites in the spinel lattice. Data are taken with a Mg
Kα source at 50 eV pass energy.

ly broader than are those from cobalt-containing spinels, e.g.
Co3O4. This is not an indication of additional cobalt oxidation states in the very well defined CoO(1 0 0) single crystal
surface, but instead results from closely lying final states with
different charge transfer and d–d coupling effects. In the cobalt lithium oxides, any Co2+ present at the surface is below
the level of detection for XPS, estimated here at about 10–
15% resulting primarily from limitations in the curve-fitting
technique. The low-spin d6 nature of the LiCoO2 lattice is not
significantly perturbed by the hexagonal distortion introduced
by the alternating Li-O and Co-O (1 1 1) sets of planes, and

2p63d7 + hν → 2p53d7 + e−
(1a)
2p63d7 + hν → 2p53d8L + e−
(1b)
where L represents a hole in the oxygen 2p valence band. The
2p53d8L final state is generally assigned to the lower binding energy main 2p3/2 and 2p1/2 spectral features and the satellite structure is associated with the 2p53d7 state. Additionally, the main 2p3/2 and 2p1/2 transitions in CoO are significant-

Fig. 5. Ni 2p XPS data for cubic LiNiO2, hexagonal LiNiO2 and
LiNi0.5Co0.5O2, and for the reference spectrum from NiO. All spectra
are very similar and exhibit intense satellite structure. Data are taken
with a Mg Kα source at 50 eV pass energy.
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Fig. 6. Peak fit for NiO (1 0 0) and hexagonal LiNiO2 (sample 1)
2p3/2 XPS. The LiNiO2 spectrum was taken at 50 eV pass energy on
a powder sample and the NiO (1 0 0) on a well-defined single crystal
at 25 eV pass energy. For both spectra, the main peak fits well with
two components at 853.6 and 855.5 eV in approximately 1:1 intensity ratio. For data taken with a 50 eV pass energy the average FWHM
is 2.4 and 3.3 eV, respectively.

this effect carries over into the Co 2p spectrum of the mixedmetal oxide LiNi0.5Co0.5O2.
The Ni 2p XP spectra (Fig. 5) provide another example
of the charge-transfer nature of an octahedral 2+ cation, this
time for Ni2+ in NiO as well as for the nickel-containing lithium transition metal oxide samples. Octahedrally-coordinated
Ni2+ in NiO (1 0 0) shows the same intense satellite structure
as CoO and still has very broad features, although there is a
somewhat better resolved second “peak” in the main Ni 2p3/2
core level photoemission than in that of the Co 2p3/2 spectrum
in CoO. Analysis of the 2p region for late 3d transition metal
oxides by common peak fitting is not straightforward because
significant broadening and multiple final state effects are typically observed for these strongly electron correlated systems.
Although standard curve-fitting procedures might suggest
the main component of the Ni 2p3/2 spectrum of LiNiO2 and

LiNi0.5Co0.5O2 samples is best represented by two or more
peaks, and thus two or more nickel oxidation states, this broad
asymmetric “multiple-peak” structure is identical to that found
for NiO. That the peak structure is intrinsic to the single octahedrally-coordinated Ni2+ cation can readily be seen from
comparison of the NiO (1 0 0) 2p3/2 spectrum to that of hexagonal LiNiO2 in Fig. 6. Ni 2p peak shapes for the remaining
nickel-containing samples were comparable.
XPS from the remaining two components, lithium and oxygen, are potentially informative of the surface chemical composition but can also be more easily misinterpreted in their
quantitative aspects. The lithium 1s photoemission peak (Fig.
7) suffers from a low cross section and overlap with cobalt
3p at 60.2 eV and, for samples mounted on gold foil, with the
Au 5p3/2 at approximately 54 eV. The Li 1s binding energy
for these materials is quite low compared to other Li+ compounds and is found in the range of 53.3–53.9 eV (Table 1).
Each reported binding energy in Table 1 represents the average of ten or more measurements on samples from several different synthesis lots for each material. The value for hexagonal LiNiO2 at 53.3–53.6 eV compares favorably to that previously reported for this material [50] although few other lithium compounds have literature binding energies of this low a
value. A second peak is sometimes found at 56.3 eV from surface carbonates (Fig. 7b), a common impurity at the surface of
air exposed LiMO2 materials, resulting from the adsorption of
CO2 from the ambient [51] either upon storage or during the
synthesis process:
Olattice + CO2(g) → Olattice-CO2(ads) → CO32−surface
as well as from incomplete hydrocarbon combustion in the sol–
gel process. It was not possible to obtain hexagonal LiNiO2
from synthesis preparation II (ethanol solvent-based) without
at least some carbonate contamination. Small carbonate peaks
may also be present in LiCoO2 and LiNi0.5Co0.5O2 spectra in
data shown in Fig. 7. However, they are at small enough concentrations as to be obscured by overlap with the Co 3p feature.

Fig. 7. Lithium XPS for (a) LiCoO2, LiNi0.5Co0.5O2 hexagonal LiNiO2 I and cubic LiNiO2, and (b) hexagonal LiNiO2 I, hexagonal LiNiO2 II
and cubic LiNiO2 contaminated at the surface with lithium carbonate. The spectra are taken with Mg Kα radiation at a pass energy of 50 eV.
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Representative O 1s and C 1s spectra are shown in Fig. 8
for one set of data from LiCoO2. The O 1s spectral region is
highly variable in both peak shape and intensity, and depends
strongly upon the history of the sample. There is as much
variation within a series of measurements made on a single
given compound, but from different synthesis lots or stored
for different amounts of time, as there is among the various
compounds studied here. However, all O 1s spectra can be described by a fit to varying amounts of four components, three
of which are illustrated for the LiCoO2 sample, and the fourth
of which occurs only for LiNi0.5Co0.5O2 as is illustrated in
Fig. 9. The O 1s carbonate peak observed on some, but not all,
samples yields a peak with a binding energy of 532.5 eV and
is always matched by a corresponding peak in the C 1s region
at 288.2 eV in the proper intensity ratio to the O 1s feature for
CO32− stoichiometry when appropriate cross sections for pho-

Fig. 8. C 1s and O 1s XPS data for LiCoO2 at 50 eV pass energy.
This sample shows both carbonate and hydroxyl contaminants, along
with a small amount of adventitious carbon.
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toemission and analyzer transmission function are taken into
account [52].
The remaining two peaks in Fig. 8 were found on all samples measured in the present set of studies. The lowest binding energy feature, at 528.4–529.2 eV (Table 1), corresponds
to the lattice oxygen. At 529.2 eV, the value for the LiCoO2
sample is equal to or only slightly lower than that reported
for lattice oxygen in Co3O4 (529.2–529.5 eV; refs. [53], [54],
[55] and [56]), and slightly lower than that for CoO (529.4–
529.6 eV; refs. [53], [55], [56], [57] and [58]). Furthermore,
doping cobalt oxide powders with lithium for up to 50% of
the total metal concentration does not appear to change the O
1s binding energy significantly [54]. The nickel-containing
lithium metal oxides are very low in binding energy, however. Their O 1s binding energies are found approximately 1 eV
below that of NiO (529.4–529.6 eV; refs. [58], [59], [60] and
[61]) and other binary transition metal oxides [52].
Nickel does not have an extended-phase, stable binary spinel oxide for comparison with these data and the Ni3+ state is
not common in the solid state. Mixed-metal spinels, for example NiCo2O3, tend to have Ni2+cations in octahedral sites
and the other cation (Co3+) in the 3+ oxidation state in an in

Fig. 9. O 1s XPS data for LiNi0.5Co0.5O2 showing defect oxygen species at 530.5 eV. This peak could be reduced in intensity by annealing the sample under UHV, as is shown after heating at 350 °C for
30 min in the upper trace. There was no detectable carbonate on this
sample. The sample holder used with the gold foil support, needed
for sample heating, produced an artifact in the O 1s spectrum at high
binding energies that was not observed on the indium foil mounting.
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verse spinel distribution. For these materials, the O 1s is comparable with that of NiO [62] and [63]. Ni3+ has been reported
as a “defect structure” in NiO and oxidized nickel metal substrates [64], [65], [66], [67] and [68]; however the O 1s binding energy associated with this species is generally reported
at values well in excess of 530 eV. Indeed, there are very few
transition metal oxides that have reported lattice oxygen O 1s
binding energies at such low binding energy values [52] and
the lattice oxygen in the lithium metal oxides is a very electron-rich species.
The remaining feature in Fig. 8 is due to surface hydroxyls (531.4 eV) and was present to some extent on all samples measured in this study. Hydroxylation is also an ubiquitous phenomenon at oxide surfaces and results from interaction with water [53]:
M-Olattice + H2O(g) → Olattice-H(ads) + M-OH(ads)
Prolonged heating of several hours under ultrahigh vacuum at 350 °C reduced, but did not eliminate, the hydroxyl feature and after about 4 h under these conditions the hydroxyl
feature was still present at approximately 1/3 monolayer surface coverage.
Both AES and XPS can be used to obtain quantitative information. Because the powdered surfaces are not well-defined
structurally, it is assumed that the concentration of species detected within the sampling depth of the technique is uniform
over this region and that the relative concentration ratio of two
species found at the sample surface is given by [52]:

Here, Ci is the atomic concentration of the ith species, Ii
is the spectral intensity of the measured XPS or AES transition used to determine the concentration and Si is a sensitivity
factor for the particular XPS or AES transition. The sensitivity factor includes XPS or AES cross sections, electron escape
depth and a spectrometer transmission function for data taken
under the specific spectral conditions. These values have been
reported elsewhere for nickel and cobalt oxide standard compounds [62] and [63].
Lithium to oxygen sensitivity ratios (SLi/SO) were obtained
by calibration with data acquired on a powdered LiNO3 (lithium nitrate) standard sample. For XPS data, SLi/SO = 0.056 for
the 1s transitions of lithium and oxygen. For AES data using
the lithium 40 eV and the oxygen 510 eV KL2L2 Auger transitions, SLi/SO = 8.3 at 2 kV Auger excitation beam energy and
5.1 at 3 kV, when data were acquired in the ∂N(E)/∂E versus
E (differentiated) mode. When intensity values were obtained
by integrating AES peaks acquired in the N(E) versus E mode,
SLi/SO = 0.63 at 2 kV and 0.25 at 3 kV, respectively. Table 2
summarizes the surface concentrations obtained on the lithium metal oxide samples.
The data of Table 2 represent averages made over 10 or
more measurements on each compound, including samples
from different synthesis lots. Because of simplifying assump-

tions made in Eq. (2), including that of a homogeneous concentration profile with depth into the surface, the concentration values of Table 2 are most likely not as accurate as the
precision of the technique implies. In addition, systematic errors in applying averaged sensitivity factors to specific compounds have been reported to be as high as 20% [52]. However, the trends are clear. LiCoO2 is near-stoichiometric, whereas the nickel-containing samples are all lithium deficient and
show significant enrichment in the nickel metal component.
Perhaps surprisingly, the lithium depletion does not correlate
with the lithium and transition metal ordering in forming the alternating Li/transition metal (1 1 1) planes as measured by the XRD
I(0 0 3)/I(1 0 4) data, but rather with the final annealing temperature in the materials synthesis. The two synthesis protocols for
producing hexagonal LiNiO2 yielded I(0 0 3)/I(1 0 4) = 0.40 and
1.6 for synthesis I and II, respectively, indicating a much better
ordering for samples produced by synthesis II. However, the lithium concentrations are only slightly higher for hexagonal LiNiO2
II. The cubic LiNiO2 material has a very small intensity of the
(0 0 3) XRD diffraction feature, but has the highest concentration
of surface lithium, depleted by only approximately 12–48%, depending upon whether AES or XPS analysis is used.
Auger data appear to indicate a lower lithium concentration
than those obtained by XPS measurements. This is most likely
a result of the different surface depths sampled by the two techniques. While cobalt, nickel and oxygen kinetic energies for the
transitions chosen in AES and XPS for each of the elements are
comparable, the lithium 1s and Auger KLL kinetic energies are
substantially different, at approximately 1200 and 40 eV, respectively. The mean free path of the XPS 1s transition is substantially longer than that of the KLL AES transition, at about
5 and 12 Å, respectively [69]. Thus, the Auger data, which are
more surface-sensitive to lithium, indicate that lithium depletion
is greater in the near-surface area than do the XPS data, which
samples further into the bulk material. The exception to this is
the mixed transition metal compound LiNi0.5Co0.5O2, for which
the AES and XPS data indicate similar surface concentrations.
These samples are severely delithiated, a condition that extends
over the sampling depth of both AES and XPS techniques.
4. Discussion
The cobalt cation in LiCoO2 is formally Co3+, a particularly energetically favorable configuration in which the low-spin
d6 electrons populate a full t2g subshell. It is, therefore, not
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surprising that LiCoO2 presents a stable, well-behaved surface. The composition is approximately stoichiometric, the Co
2p binding energies and peak shapes are characteristic of the
octahedrally-coordinated, diamagnetic Co3+, and the lattice O
1s binding energy of 529.2 eV is not out of line with that of
similar cobalt oxide materials. The surface can be contaminated with significant amounts of carbonate and hydroxyl adsorbates, and these species can be difficult to remove completely
at temperatures that do not damage the surface, but this is not
unexpected for air-exposed oxides.
The nickel-containing lithium metal oxides, however, are
more problematic. Formally, nickel is Ni3+ in stoichiometric
LiNiO2. However, an octahedrally-coordinated Ni3+ presents
a d7cation that is not particularly stable in the solid state [70].
Two different descriptions of the nickel cation in LiNiO2 have
emerged in response to this. In one, the cation is assumed to
be Ni3+, a d7 species that undergoes Jahn-Teller distortion
[71], [72] and [73], somewhat ameliorating the poor stability of a d7 octahedral cation. The lattice oxygen should formally remain O2− for this system, although depending upon
the amount of the distortion, the charge-transfer overlap between Ni 3d and O 2p could be affected, which should manifest itself by a change in the Ni 2p satellite structure described
by Eq. (1b). The second model creates a localized Ni2+-O1−
charge-transfer pair, producing a “NiO” like octahedral Ni2+
and a relatively electron-poor lattice oxygen.
The picture that emerges here does not completely agree
with either idealized model, but shows a near-surface area depleted in lithium and Ni 2p photoemission less sensitive to the
nickel environment than has previously been assumed. The Ni
2p region is very similar to that observed for NiO, including
the binding energies of the 2p3/2 and 2p1/2 transitions, satellite intensities and peak shapes. This is true for single crystal
NiO, hexagonal LiNiO2 with its Jahn-Teller distorted Ni3+ cation, cubic LiNiO2 which should have oxygen to nickel charge
transfer closely related to the rocksalt NiO, and the mixed
transition metal LiNi0.5Co0.5O2 which has Co3+ cations available to balance out the Li+ near-surface concentration. All materials show remarkably similar Ni 2p photoemission. However, the O 1s XP spectrum yields an extremely low binding energy indicative of a very electron-rich lattice oxygen (528.4–
528.7 eV) incompatible with a Ni2+-O1− charge-transfer couple. The Ni 2p spectral region is complex and while the main
2p3/2 can be fit to at least two peaks, it closely reproduces the
structure seen for well-characterized single crystal NiO substrates and thus characteristic of an octahedral d8 cation. Due
to uncertainties in the background removal and peak fitting
process, structure due to small amounts of Ni3+ (110–15%) or
other nickel species might be present in the Ni 2p region, but
the spectrum is dominated by that obtained on octahedrallycoordinated Ni2+, similar to that found in NiO.
To explain these results, we turn to studies on the lithium
bulk deintercalation of hexagonal LiNiO2, a process which is
generally reversible down to concentrations of approximately Li0.3NiO2 [74]. The process is complicated by the tendency
for nickel to substitute for lithium as Ni2+ within the lithium
〈1 1 1〉 planes, which hinders the lithium mobility and creates
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nickel-excess nonstoichiometry within the bulk phase. The actual bulk stoichiometry should then formally be represented
as [Li1−xNi2+x]3a[Ni3+1−xNi2+x]3bO2, where 3a and 3b represent
the lithium and nickel sites, respectively, in an R3̄m structure. While originally described as rhombohedral throughout
the process, recent studies [73] and [75] indicate that several ordered phases can take place as the substrate is delithiated.
The majority of these are reported to involve ordering of lithium vacancies, and the generation of even higher nickel oxidation states. However, one structure observed on severely delithiated materials involves an alteration in stacking structure
along 〈1 1 1〉 from O-Li-O-Ni-O, etc. of the ideal stoichiometric structure to include clustering of O-Ni units, that is OLi-O-Ni-O-Ni-O-Li [74]. Thus, there is a natural tendency toward creation of a “NiO”-like environment for nickel cations
even in the LiNiO2 bulk.
The surface is not simply NiO however, as is indicated by
the lithium and oxygen XPS data, both sets of which present
unique 1s binding energy signatures. Thus, the surface is not
merely phase-separating into Li2O and NiO, since neither lithium nor oxygen binding energies support lithium oxide formation. The charge-transfer band structure of the metal oxide (Eq. (1)) appears to carry over for adjacent lithium-oxygen ions, giving a relatively low binding energy for lithium
due to the partially covalent nature of the bond. However, the
process is not as efficient for the poorly-directed, and more
highly ionic, Li 1s orbitals as for the 3d transition metal oxide,
and the O 1s indicates a greater electron density on the oxygen when lithium is involved. The result of “lithium doping”
is an extremely electron-rich oxygen.
The lattice oxygen is still able to hybridize effectively
with the nickel 3d band, as indicated by the Ni 2p satellite
structure which require that O 2p orbitals overlap with partially empty Ni 3dz2 and 3dx2−y2-derived band structure directed towards the neighboring oxygen atoms in the cubic
structure. That this band has some Ni3+ character is necessary to preserve charge neutrality in the near-surface region.
The 2p satellite structure is characteristic of the nickel metal
cation with partially unfilled t2g levels, but is not particularly sensitive to subtle differences in electron density or distortion of the octahedral environment around the nickel cation,
since cubic and hexagonal LiNiO2 both show comparable Ni
2p photoemission structure.
The conditions under which surface compositional analysis
have been performed are, of course, significantly different than
those encountered in the operation of lithium batteries. Nearsurface concentrations of lithium may be substantially repopulated under electrochemical discharging conditions under which
Li+ migrate to and are re-incorporated into the LiMO2 electrode.
However, the present studies have several implications for elucidation of surface mechanisms and compositions of these materials. We have found no evidence for the existence of a Ni2+O− lattice couple but rather find an extremely electron-rich lattice oxygen. This is true for all nickel-containing lithium oxides
studied here, regardless of degree of lithium depletion.
Also, adding cobalt to the LiNiO2 lattice does not seem to
make the surface any better behaved than that of the LiNiO2
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substrate. Rather, it appears harder to form a bulk solid solution of the mixed transition metal oxide LiNi0.5Co0.5O2 and
conditions necessary to promote a homogeneous, crystalline
bulk may be too harsh to preserve the stoichiometry of the
surface. TEM structural studies of the closely related material LiNi0.8Co0.2O2 [25] find an approximately 5 nm thick surface region with substantial nickel and lithium disordering of
the layered R3̄m bulk structure. Instead of stabilizing the substrate properties of nickel-containing lithium oxides to more
closely resemble LiCoO2, LiNi0.5Co0.5O2 appears to be closer in surface oxygen and lithium chemical environment to
LiNiO2 as measured by XPS and to have inherited problems
of lithium depletion of this material.
There are also implications for the usage of surface analysis in determining nickel oxidation state and chemical environment for these and related nickel oxide materials. Common practice of fitting complex, asymmetric Ni 2p XPS data
to yield several different “states” should be performed only
when substantial and obvious differences are found relative to
spectra taken on single-component 3d8 NiO or other relevant
reference compounds. Even then, results can be misleading, as
can be seen by comparing the relatively simple 2p peak shape
of Co3O4, which contains both octahedral Co3+ and tetrahedral
Co2+, with the more complex CoO spectrum in which a single
cobalt state is found as octahedrally coordinated Co2+.
5. Conclusion
LiCoO2, hexagonal LiNiO2, cubic LiNiO2, and the mixed
transition metal oxide LiNi0.5Co0.5O2 have been studied by
Auger electron and X-ray photoelectron spectroscopies.
LiCoO2 has surface composition and cation environments
that are easily inferred from those of the bulk. The surface of
all nickel-containing metal oxides, however, has been found
to be lithium-deficient and the nickel cation is comparable to
“NiO” in its apparent chemical environment as measured by
XPS. Even the more severely lithium depleted surfaces show
a very electron-rich lattice oxide due to less efficient chargetransfer overlap between lithium and neighboring oxygen than
is available with the nickel cation.
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